In order to improve the stability of underactuated surface vessels (USV) 
Introduction
The underactuated system is defined as a system that the spatial dimension of control input is less than spatial dimension of configuration, which is the number of control system input less than the freedom degrees of system [1] . The underactuated surface vessel is a large inertia, nonlinear and time-delay system. Additionally, when the ship is sailing, by uncertain wind wave and current of the marine environment impact, it gradually deviates from a predetermined course. Therefore ship course control is an important criterion to judge the quality of ship maneuverability, the performance of ship course control relates to safety and economic of ships navigation. When the ship is sailing, the disturbance is very complicated. To ensure the ship sail in accordance with the expected course, the course controller must control automatic rudder to correct the course deviation due to the disturbance. In order to obtain satisfactory control effect, many scholars made different attempts in the area of autopilot steering control.
The traditional course control device of USV is the digital PID automatic rudder that is sensitive to the high-frequency disturbances, and leads to frequent steer. In recent 310
Copyright ⓒ 2015 SERSC years, artificial intelligence methods are used for tuning PID parameters, and the control precision of ships course is effectively improved. Fu et al., [2] made the least squares support vector machine (LSSVM) apply to the modeling identification of the ship course movement, and designed a ship course complex inverse control scheme based on LSSVM and PID. Wang et al., [3] used dynamic neural fuzzy model (DNFM) based adaptive control algorithm for ship course control, and overcome uncertainties arising from changes of model parameters. In this paper, for ship course autopilot, the fractional-order μ λ D PI controller was designed, and it had a flexible structure, strong robustness and disturbance rejection.
The fractional-order
controller was proposed by Podlubny I in 1999. Compared with traditional PID, the integral-order λ and differential -order μ make the controller have more than two adjustable parameters that make it more flexible, more robust［4-5］.But at the same time, as a result of more than two adjustable parameters, it is more difficult to design fractional-order controller [6] [7] [8] [9] . Thus, the parameter tuning method of the fractional-order control system has become a hot topic. Yao et al., [10] proposed a design method for robust fractional order PID control system based on particle swarm optimization that enhance the robustness and response speed of the synchronous machine excitate regulator. Zhang et al., [11] used fuzzy fractional synovial theory in the parameter tuning of permanent magnet synchronous motor controller.
Hence, this study presented a self-adaptive weight particle swarm optimization which solved the premature question of PSO and easy to produce oscillations in the vicinity of the global optimal solution in late algorithm. At the same time, the questions of controller more tuning parameters and design complexity were solved, and the static and dynamic performance of the system were improved. Compared with fractional-order
controller based on SAWPSO and integer-order PID controller based on PSO, the controller based on SAWPSO is superior to the conventional PSO-PID controller in the ability of immunity and the adaptive ability of control object parameters change.
Mathematical Model of Underactuated Surface Vessels

Maneuvering Mathematical Model
For an ocean vessel moving in 6 DOF, the 6 different motion components respectively represent the position and direction. The first three coordinates   z y x , , and first-order differential denote ship position and translational motion along x, y and z axes. The last three coordinates ( , , )
   and first-order differential denote ship direction and rotational motion. The 6 different motion components respectively are conveniently denoted as surge, sway, heave, roll, pitch, and yaw [12] , see Figure 1 . 
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Considering the course control problem of an underactuated surface vessel, the vessel is moving in the horizontal plane, and the heave, roll, and pitch are usually neglected
The mathematical model [13] [14] of an underactuated surface vessel can be written as below 
Norrbin Nonlinear Model for Course Control
The USV usually looks as a dynamic system in the design of ship course controller. The system input is rudder angle δ , output is yaw angle ψ . In the case of steering is not very frequent, the Norrbin nonlinear model of course control for USV is deduced from the maneuvering mathematical model of USV.
are all model parameters. K and T are ship indexes;  and  are nonlinear coefficient.
K ,
T ,  and  are relevant to the speed and structure of ship.
Fractional Calculus and Fractional-Order Controllers
Fractional Calculus Definition
There are three kinds of fractional calculus definition. Fractional calculus is a theory of arbitrary order differential and integral, and it is the promotion definition of integer-order calculus. Its basic operation operator is as follows
In which, a and t are upper and lower limit of operation operator,  is calculus order and may be any complex number plural, then it is assumed to be real numbers [15] .
In the development of fractional calculus theory, there are many kinds of fractional calculus definitions, such as Grunwald-Letnikov definition, Riemann-Liouviblle definition and Caputo definition.
The Grunwald-Letnikov formula:
is binomial coefficient.
The Riemann-Liouviblle formula:
In which, ()  is Gamma function. The Caputo formula:
From the definition of three kinds of fractional-order calculus can be seen, it is different in the fractional-order differential and integer-order differential of continuous function at a certain point. It is not for extremum at this point, but it is associated with the initial moment of all time to the point before the function value, and it has memory.
Fractional-Order
PI D  Controller To improve the control accuracy, based on conventional PID controller, the integral-order  and differential-order  are extended to real domain, and
In which, 
By Equation (8) 
Improved Approximation Oustaloup of Fractional-Order Calculus
In order to make the method of integer-order controller apply to the fractionalorder controllers, it needs to become a fractional calculus as approximate integerorder calculus. In this paper, an improved Oustaloup approximation is applied. 
（11）
In which,
, the fractional part of formula (11) ) (s K expressed as zeros, poles form of a rational transfer function 
SAWPSO Tuning Fractional-Order Controller Parameters
The formula (10) . Through the reasonable choice of the five parameters, the more ideal control effect will be obtained, and the performance of the system will be effectively improved. But the design complexity and workload of controller will be increased. Therefore, in this paper, the SAWPSO algorithm was applied to the design of fractional-order 
Sawpso Algorithm
The particle swarm optimization algorithm originates in the research of prey behavior of birds [16] . It is essentially belongs to the iterative random search algorithm, has a parallel processing feature, and good robustness, easy to implement. In principle, it can be used on the larger probability to find the global optimal solution of the optimal problem, and has high calculation efficiency. Because the particle of PSO gathers to its historical best position and the neighborhood or community historical best position. It makes the rapid convergence effect of the particle population, and prone to fall into the local extremum, premature convergence or stagnation［17-19］.
At the same time, the performance of PSO is dependent on the parameters of the algorithm. The algorithm specific parameter settings are different, the results may vary. The algorithm specific parameters mainly depend on mainly depends on, inertia weight ω , learning factor and increasing the compression factor etc. In the PSO algorithm, supposes the total number of particles for N , each particle has a position i x in space, this particle flight forward from i x by the speed i v , the optimal position which each particle search in the space is i p , the optimal position which the particle swarm search in the space is g P , the second iteration correction
In the formula (4), k is the number of iterations; 1 c and 2 c are acceleration factor, which keep the motion inertial of particles and have the ability of extending search space trend; 1 rand and 2 rand are random number between 0 and 1; ω is inertia factor, the search ability can be changed by adjust inertia factor. The termination condition of the improved PSO algorithm is that the largest iterations number or the fitness value of the optimal position which particle swarm searches so far meets the predetermined minimum fitness threshold value.
In the PSO algorithm, the larger weight factor is conducive to jump out the local minimum point and facilitates global search, the smaller inertia factor is conducive to accurate local searching for the current search area and facilitates algorithm convergence. Therefore, for the questions of PSO algorithm easy to premature and oscillate in the near global optimal solution in the algorithm late. In this paper, a
Copyright ⓒ 2015 SERSC 315 self-adaptive weight particle swarm optimization algorithm (SAWPSO) was applied, which balances the global search ability and the local improved ability of PSO algorithm. The nonlinear dynamic inertia weight coefficient formula was adopted as
In which， max ω and min ω are the maximum and minimum value of ω , f is the current objective function value of particle, avg f and min f are the average target value and the minimum target value of current particle. Because of the inertia weight changed with objective function value of the particle automatically, it is called self-adaptive weight.
The SAWPSO algorithm steps are as follows: (1) Initialize particle swarm, the position i x and speed i v of each particle are generated randomly;
(2) The position vector of each particle is used as the parameter of the μ λ D PI controller, the current adaptive values= of each particle is calculated respectively, and initialize (6) Check to see whether the termination condition is satisfied. If satisfied, then exit; otherwise, go to step (2).
Objective Function Selection
This paper used the SAWPSO algorithm to tune the parameters
controller; the space dimension of solution was five and the improved Oustaloup filtering method was used. The optimization objective function was comprehensively considered through the error square integral and system overshoot of control loop, the formula is
In which, ) (t e is the system error. σ is the system overshoot. 1 ω and 2 ω are weights.
Simulations
The simulation experiment uses the data of 5446TEU container ship of COSCO Group, supposes the rated speed of this ship is knots V 51 24.  , and the parameters are shown in Table 1 .
Copyright ⓒ 2015 SERSC Meanwhile, when the ship is sailing, the disturbance of wind and wave has become one of the major causes of the ship yaw. In order to validate the robustness of fractional-order control based on SAWPSO algorithm can be faster to achieve stable and the control effect is better than integer-order PID controller based on PSO algorithm under the uncertainty of wind and waves interference. In the same interference conditions, the fractional-order μ λ D PI control based on SAWPSO algorithm has more immunity ability and the adaptive ability.
Conclusions
In this paper, according to the characteristics of USV, a design method for fractional-order control of USV course-keeping based on self-adaptive weight PSO algorithm was adopted. This method can solve the difficulties of tuning parameters
